Background: Prognostication in comatose survivors of cardiac arrest is a major clinical challenge. The authors' objective was to determine whether an assessment with diffusion tensor imaging, a brain magnetic resonance imaging sequence, increases the accuracy of 1 yr functional outcome prediction in cardiac arrest survivors. Methods: Prospective, observational study in two intensive care units. Fifty-seven comatose survivors of cardiac arrest underwent brain magnetic resonance imaging. Fractional anisotropy (FA), a diffusion tensor imaging value, was measured in predefined white matter regions, and apparent diffusion coefficient was assessed in predefined grey matter regions. Prediction of unfavorable outcome at 1 yr was compared using four prognostic models: FA global, FA selected, apparent diffusion coefficient, and clinical classifiers. Results: Of the 57 patients included in the study, 49 had an unfavorable outcome at 12 months. Areas under the receiver operating characteristic curve (95% CI) to predict unfavorable outcome for the FA global, FA selected, clinical, and apparent diffusion coefficient models were 0.92 (0.82-0.98), 0.96 (0.87-0.99), 0.78 (0.65-0.88), and 0.86 (0.74-0.94), respectively. The FA selected model had the best overall accuracy for predicting outcome, with a score above 0.44 having 94% (95% CI, 83-99%) sensitivity and 100% (95% CI, 63-100%) specificity for the prediction of unfavorable outcome. Conclusion: Quantitative diffusion tensor imaging indicates that white matter damage is widespread after cardiac arrest. A prognostic model based on FA values in selected white matter tracts seems to predict accurately 1 yr functional outcome. These preliminary results need to be confirmed in a larger population.
reliable methods to predict outcomes. 4, 5 Existing prognostic models are based on clinical examination (e.g., absence of motor, pupillary, or corneal reflexes) or on electrophysiologic evaluation (e.g., bilateral absence of somatosensory cortical evoked responses with median-nerve stimulation [N20]) recorded within the first week after cardiac arrest. 1, 3 However, preservation of brainstem or electrophysiologic responses does not rule out unfavorable outcomes. The brainstem is less vulnerable to anoxic-ischemic damage than the cerebral cortex; hence, brainstem reflexes may persist alongside extensive cortical damage, leading to outcomes such as the vegetative state. 6 The presence of normal median-nerve stimulation signals fails to discriminate patients with favorable outcome from those who do poorly. 7, 8 Serum biomarkers such as neuron-specific enolase and S100 β-protein correlate with the extent of neurologic injury, but data are limited regarding their prognostic value in the clinical setting. 9, 10 Moreover, an increasing proportion of patients with cardiac arrest are managed with therapeutic hypothermia, which is associated with a significant reduction in the accuracy of outcome prediction when clinical and electrophysiologic variables are used. 11 Evidence suggests that the type, severity, and anatomical distribution of injury detected with magnetic resonance imaging (MRI) may yield valuable prognostic information in patients with cardiac arrest. 2, [12] [13] [14] [15] These studies relied on regional or global measurements of apparent diffusion coefficient (ADC), which is a scalar quantity closely related to the mean diffusivity of water molecules in a voxel; this scalar expresses the propensity of water diffusion in any direction within a voxel. Using quantitative vector indices derived from diffusion tensor imaging (DTI), it is possible to measure the directional preference of water molecules and hence to make inferences about the underlying tissue microarchitecture. Fractional anisotropy (FA) is an index derived from the three Eigenvalues that describes the degree of directionality of water in the tissue, and changes in FA indicate white matter disorganization. [16] [17] [18] Using ADC, it has been shown that extensive white matter damage occurs in the acute setting of cardiac arrest. We postulated that DTI would provide valuable insights on the nature of anoxic-ischemic brain damage. Specifically, we tested the hypothesis that the accuracy of long-term functional outcome prediction is increased by addition of quantitative FA compared with prediction based on clinical variables or on ADC.
Materials and Methods

Study Design and Oversight
This prospective, multicenter, observational study was approved by the institutional review board of Pitié-Salpêtrière Hospital (Paris, France) and Liège University (Liège, Belgium). Written informed consent was obtained from the control subjects directly; consent was obtained from all patients' next of kin at the time of inclusion. Written informed consent for data collection and for follow-up was obtained directly from patients who regained consciousness.
Patients
Patients were enrolled between October 2006 and March 2010 in two intensive care units (ICU) in Paris (France) and Liège (Belgium). Patients were eligible after the first week after a cardiac arrest if they met the following criteria: (1) age between 18 and 75 yr (inclusive); and (2) persistent unresponsiveness defined as the inability to follow simple commands after sedation was discontinued. Patients were excluded if they: (1) had a neurologic disease before cardiac arrest (e.g., stroke, neurodegenerative conditions, or brain tumor); (2) were deemed moribund (expected survival <24 h); and (3) had a contraindication to the MRI, or presented with physiologic instability precluding transport and MRI scanning (e.g., increased intracranial pressure, hemodynamic instability, or respiratory failure).
After enrollment, patients underwent multimodal brain MRI. To obtain normative MRI data, we enrolled 70 healthy volunteers who all underwent the same MRI scanning sequence as the patients.
MRI Scan and Analysis
During the MRI scan, all patients were accompanied by a physician and vital signs were continuously monitored (continuous electrocardiogram, pulse oximetry, and capnography), as required by the study protocol. All patients were mechanically ventilated during the MRI scan.
Magnetic resonance images were acquired on 1.5 T or 3 T magnetic resonance units from two different manufacturers (General Electric Healthcare, Velizy, France, and Siemens Medical Solutions, Brussels, Belgium). Quadratic or multichannel head coils were used. The precise parameters of each sequence (e.g., echo time [TE] and repetition time [TR] ) were adapted to the individual specifications of each manufacturer and the scanner. The following sequences were acquired: The preprocessing of the diffusion tensor images was accomplished with FSL software***. The diffusion tensor images were first corrected for distortions caused by eddy currents using the b = 0 volume as reference. A diffusion tensor model was fitted for each voxel, and two diffusion parameters were extracted (FA and mean diffusivity) to build two parametric maps. Then, for each subject, the FA map was registered on a 1 × 1 × 1 mm 3 standard space image (MNI152 space) using a nonlinear registration procedure (the so-called nonlinear registered maps). The same nonlinear transformation was then applied to the mean diffusivity map. 19 In addition to these nonlinear registrations, which did not take into account the residual misalignments between subjects, we used the tract-based spatial statistics approach to measure the DTI parameters within the FA skeleton. 20 To characterize white matter integrity of each individual, we measured FA in the skeleton, a representation of the alignment-invariant tracts of the brain ( fig. 1 ). The skeleton was segmented in 20 predefined white matter regions, which were selected from a white matter tracts atlas designed by Mori S et al. † † † ( fig. 2 ). To account for intercenter and intersequence variability, the FA values were normalized. The normalization process consisted of scaling the FA of a patient by the mean of the FA calculated from the control group acquired in the same center and with the same imaging sequence.
ADC values were obtained using the mean diffusivity values in nine regions of interest of the grey matter (GM) as previously described. 12, 14, 21 The nine regions of interest were the following: caudate nucleus, putamen, thalamus, cerebellum, frontal lobe, insula, occipital lobe, parietal lobe, and temporal lobe. 12, 14, 21 Although hippocampus is particularly vulnerable in anoxia, it is a small region located close to the mastoid and thus subject to major artifacts on the DTI acquisition. It was not analyzable as a separate structure and was thus included in the temporal lobe region analysis. As for DTI parameters, to account for intercenter and intersequence variability, the ADC values were normalized. The normalization process consisted of scaling each value of a patient by the mean of the corresponding parameter calculated from the control group acquired in the same center and with the same imaging sequence.
The above processing, and all subsequent analysis of the MRI data, was performed by investigators who were blinded to the clinical information and outcomes data. The results of the MRI analysis were not provided to the clinical team caring for the patient in the ICU or the rehabilitation center.
Patient Outcome Assessment
All patients were followed up until death or 12 months after cardiac arrest in survivors. Evaluation was performed by telephone or via an in-person visit. The principal outcome measure was the extended version of the Glasgow Outcome Scale (GOS-E), which was measured by blinded assessors. 22, 23 This scale classifies patients into eight categories as follows: GOS-E score of 1, death; 2, vegetative state; 3, lower severe disability; 4, upper severe disability; 5, lower moderate disability; 6, upper moderate disability; 7, lower good recovery; and 8, upper good recovery. Any GOS-E score from 1 to 4 was defined as an "Unfavorable Outcome," whereas a score from 5 to 8 was defined as a "Favorable Outcome."
Statistical Analysis
Normally distributed variables were expressed as mean ± SD and non-normally distributed variables as median [25th, 75th interquartile range]. Patients with favorable outcome (GOS-E ≥ 5) were compared with patients with unfavorable outcome (GOS-E < 5). Continuous variables were compared using the Student t test or the MannWhitney U test, as appropriate. Categorical variables were compared using the chi-squared test. FA variables were compared using repeated-measures analysis of variance with post hoc Fisher test.
To we used the Radial basis function as kernel, and the best parameters of this function were found by a grid search using cross-validation (leave-one-out), maximizing the classification accuracy. In addition to the predicting class label, we also generated probabilistic scores by extending the support vector machine theory: the classification process also assigned to each patient an estimated probability that he or she belongs to the class of favorable or unfavorable outcome (the so-called classification score).
By using this methodology, we designed different classification models based on mean FA values within the 20 white matter regions of interest and based on the mean ADC values within the nine GM regions of interest. For classification models based on regional FA measurements (corresponding to 20 features), we tested two approaches: the first one consisted in building a model from all the 20 features (the so-called FA global model that generated FA global scores for each patient); the second one selected the best features among the 20 available to obtain the most discriminative model (the so-called FA selected model that generated FA selected scores for each patient). Then, we built a classification model based on ADC measurements within GM that generated the so-called grey matter-ADC (GM-ADC) score for each patient. 12, 14, 21 To compare the result of MRI scores (FA global, FA selected, and GM-ADC scores) with clinical data, a clinical prognostic model was constructed on the basis of the neurologic examination recorded on the day of the MRI. This clinical prognostic model was constructed using multivariable analysis that used all clinical data available on the day of MRI (the neurologic examination was performed by intensivists and included Glasgow Coma Scale, response to painful stimuli, and pupillary and corneal reflexes). The best clinical model to predict unfavorable outcome retained the following parameters: absence of pupillary reflexes, motor response to painful stimulus classified as bad (none, extension, or abnormal flexion), and absence of corneal reflexes. The weight of each parameter was adjusted based on the predicted probabilities in the logistic regression model. The four outcomes prediction models (clinical, FA global, FA selected, and GM-ADC scores) were compared by area under the receiver operating characteristic (ROC) curve analysis. We hypothesized that FA scores (global and selected scores) would predict unfavorable outcome with higher CRITICAL CARE MEDICINE specificity than GM-ADC and clinical scores. Moreover, we hypothesized that FA scores would have greater areas under ROC than GM-ADC and clinical scores. All P values were two-tailed, and statistical significance was defined as a P value of less than 0.05. Analyses were performed using StatView 5.0 (SAS Institute Inc., Cary, NC) and SPSS 11.5 (SPSS Inc., Chicago, IL) software.
Results
During the study period, 244 patients were admitted to the participating ICUs after cardiac arrest, of whom 63 (26%) were enrolled in the study and underwent MRI scanning. The principal reasons for nonenrolment were early death from multiorgan failure or brain death and emergence from coma ( fig. 3) . Six of the 63 enrolled patients were excluded from analysis because their MRI data were not interpretable (because of movement's artifacts in two cases and technical problems in four cases). Among the 57 remaining patients, 49 (86%) had an unfavorable outcome and 8 (14%) had a favorable outcome ( fig. 1) . Forty-two of the 49 patients with unfavorable outcome died (35 in the ICU). All deaths (ICU or after hospital discharge) were directly or indirectly secondary to neurologic injury. Median [interquartile range] delay from cardiac arrest to death in these 42 patients was 17 days. Among the seven with poor neurologic outcome who survived, GOS-E of 2, 3, and 4 was seen in four, one, and two patients, respectively. Among the eight patients with good outcome, three had a GOS-E of 5, one a GOS-E of 7, and four a GOS-E of 8. Admission characteristics of the patients according to their outcome are presented in table 1; there were no significant differences between patients with favorable and unfavorable outcome. The control subjects had no history of neurologic disease; 52% were male and their mean age was 34 ± 12 yr.
Median [interquartile range] times from cardiac arrest to outcome evaluation were 12 [12] [13] [14] months for the nine patients with good outcome and 12 [8] [9] [10] [11] [12] months for the seven survivors with poor outcome. Neurologic examination of patients on the day of the MRI scan is given in table 2; Glasgow Coma Scale and its motor response component were significantly worse in patients with poor outcome. All patients were comatose at the time of MRI except two patients whose Glasgow Coma Scale was 13 (MRI was ordered when they were still comatose and not cancelled).
The FA values in the 20 regions of interest are presented in figure 4 . Although FA values were not different between patients with favorable outcome and controls, they were significantly lower in all regions of interest in patients with unfavorable outcome compared with patients with favorable outcome (P < 0.0001) and compared with controls (P < 0.0001).
The model based on selected features selected three features among the 20 corresponding to the mean FA within the following regions of interest: the anterior limb of the left internal capsule, the genu of the corpus callosum, and the body of the corpus callosum. This model (FA selected score) was found to be the most accurate for predicting unfavorable outcome. The area under the ROC curve of the FA selected algorithm was compared with that of the algorithms for FA global, clinical, and GM-ADC scores ( fig. 5 ). 5 ). To predict unfavorable outcome, a clinical score cutoff value of 0.96 had a sensitivity of 90% (95% CI, 78-97%) and a specificity of 63% (95% CI, 25-91%); a GM-ADC score cutoff value of 0.91 had a sensitivity of 83% (95% CI, 70-93%) and a specificity of 88% (95% CI, 47-98%); an FA global score cutoff value of 0.77 had a sensitivity of 80% (95% CI, 66-90%) and a specificity of 100% (95% CI, 63-100%); and an FA selected score cutoff value of 0.44 had a sensitivity of 94% (95% CI, 83-99%) and a specificity of 100% (95% CI, 63-100%).
To eliminate any possibility that morphologic MRI (mainly, fluid attenuated inversion recovery and diffusion) might have influenced the decision-making process during the course of the ICU stay, we performed a second analysis on the 22 ICU survivors (15 with poor outcome and the seven with good outcome). Their characteristics and clinical data at the time of inclusion were similar to that of the overall population and of the ICU nonsurvivors, whereas neurologic examination on the day MRI was performed was worse in ICU nonsurvivors than in ICU survivors (see table 3 ). In this analysis, similar results were observed: the areas under the ROC curves and their respective 95% CI of the FA selected score, FA global score, clinical score, and GM-ADC score were 1 (0.84-1), 0.93 (0.83-0.99), 0.67 (0.44-0.85), and 0.83 (0.61-0.95), respectively. Comparisons of ROC curves showed that area under the curve of FA selected score was higher than that of the GM-ADC score (P = 0.05) and the clinical model (P < 0.001).
To predict unfavorable outcome in those ICU survivors, a clinical score cutoff value of 0.96 had a sensitivity of 71% (95% CI, 42-91%) and a specificity of 63% (95% CI, 25-91%); a GM-ADC score cutoff value of 0.91 had a sensitivity of 79% (95% CI, 49-95%) and a specificity of 88% (95% CI, 47-98%); an FA global score cutoff value of 0.77 had a sensitivity of 79% (95% CI, 49-95%) and a specificity of 100% (95% CI, 63-100%); and an FA selected score cutoff value of 0.44 had a sensitivity of 100% (95% CI, 77-100%) and a specificity of 100% (95% CI, 63-100%).
In a further analysis that included only the 36 patients treated with hypothermia, the same results were observed: the area under the ROC curve was higher with the FA selected score compared with the clinical model and the GM-ADC score. The same results were observed in another Fig. 3 . Flowchart of the study. GOS-E = Glasgow Outcome Scale extended; MRI = magnetic resonance imaging. 
Discussion
Early identification of outcomes after cardiac arrest is important because it may inform decisions regarding therapeutic intensity and goals of care. Current prognostic tools based on clinical or electrophysiologic variables either lack specificity or are useful only in identifying patients with the most severe brain damage. 1 To our knowledge, this is the first large-scale, bicenter study evaluating DTI in comatose survivors after cardiac arrest. It shows that the FA score is highly predictive of the long-term clinical outcome: a FA selected score more than 0.44 had a sensitivity of 94% (95% CI, 83-99%) and a specificity of 100% (95% CI, 63-100%) for predicting unfavorable outcome. In other words, all patients with an FA selected score more than 0.44 had a poor outcome, that is, death or severe neurologic disability (GOS-E < 5). The Results are expressed as mean ± SD, median [25, 75 interquartile] or n (%). * Data obtained for 40 patients in the poor outcome group and in all patients in the good outcome group. P < 0.05 for between-groups comparison. CA = cardiac arrest; CPR = cardiopulmonary resuscitation; GCS = Glasgow Coma Scale; MRI = magnetic resonance imaging; T = Tesla. Results are expressed as median [25, 75 interquartile] or n (%). * P < 0.05. † Response to painful stimulus classified as bad (none, extension, or abnormal flexion) or good (localizes painful stimuli or obeys command). CA = cardiac arrest; GCS = Glasgow Coma Scale; MRI = magnetic resonance imaging.
FA scores (FA selected score or FA global score) had trend toward greater prognostic accuracy than scores based on clinical variables and the previously published MRI variables obtained in the GM (i.e., ADC values) 12, 14, 21 : although the clinical model or the GM-ADC score-based model had high specificity in patient classification, the rate of false-negative prediction remained high.
Several recent studies evaluated diffusion-weighted MRI as a prognostic tool in cardiac arrest. 2, [12] [13] [14] 24 All found that ADC was lower in deceased or poor-outcome patients, sometimes with conflicting results. Wu et al. 12 found that whole brain median ADC less than 665 × 10 −6 mm²/s was a significant predictor of poor outcome (based on no eyes opening or a 6-month Rankin scale > 3); on the other hand, Wijman et al. 24 found that mean ADC value over the entire brain did not differentiate between patients with favorable outcome and those with unfavorable outcome. 12, 24 However, this study did establish that the percentage of brain volume with an ADC value below a threshold of 650-700 × 10 −6 mm²/s best differentiated between survivors and nonsurvivors; similarly, the percent volume of brain below an ADC threshold of 400-450 × 10 −6 mm²/s was able to differentiate unfavorable from favorable outcome among the survivors. 24 The latter study seems to suggest that size and spatial distribution of the injury is more important than the raw decrease in the overall mean ADC value of the brain. More recently, in a series of 39 survivors of cardiac arrest, Choi et al. 15 have shown that the presence of diffusion-weighted imaging hyperintense lesions in both the cortex and basal ganglia are strongly associated with a poor outcome. These authors also identified the ADC thresholds for outcome prediction with 100% specificity. 15 In our study, the ADC of the GM had good sensitivity and specificity to predict unfavorable outcome, but its accuracy was lower than that in DTI.
Most studies evaluating cardiac arrest survivors with diffusion-weighted imaging were single center and involved a relatively small sample size. Moreover, because of the rapid time-dependent variation of ADC, MRI was performed early (2-5 days) after the cardiac arrest. Transportation out of the ICU at this stage, when many patients with cardiac arrest remain hemodynamically unstable, is potentially associated with significant risks. 25 We were able to overcome some of these limitations because our study was performed in two centers and because MRIs were acquired at a later stage (7-15 days) after hemodynamic and respiratory stabilization.
Another major limitation of prognostic studies in patients with anoxic-ischemic encephalopathy is that the clinicians are not fully blinded to the result of the tests (and in particular, the MRI studies). Therefore, some clinical decisions could have potentially been based on the results of the test used for prognostication. This may lead to the so-called "self-fulfilling prophecies." 25 In our study, DTI data were analyzed at the end of the study by an investigator blinded to the clinical status of the patients, and clinicians were not aware of the results, although they had access to the morphologic images (fluid attenuated inversion recovery and diffusion). To overcome these limitations, we restricted the analysis to the subgroup of patients who survived after the ICU stay, and our results remained similar: the DTI score was superior to GM-ADC and clinical scores for predicting outcome. The analysis of this subset of patients allows us to observe effects that would be independent of early non-neurologic deaths that might have altered the results. Indeed, some patients with neurologic recovery might have died early because of sepsis, multiorgan failure, or other complications in the ICU.
DTI can characterize the architecture of the white matter by exploring the diffusion of water molecules in the brain. 18 Among the parameters obtained from the three Eigenvalues of the diffusion tensor, FA describes the degree of directionality of water in the tissue, and its modifications represent the white matter disorganization. 18, 26 This variable provides greater anatomical and functional information than the scalar parameters such as ADC. 17, 27, 28 We hypothesized that its value in anoxic patients could be of interest. 29 Our results confirmed this hypothesis, because the FA algorithms were more accurate than clinical or ADC algorithms. Our data are concordant with previously published data in infants suffering from hypoxic-ischemic encephalopathy. 29, 30 In these patients, FA has been found to be reduced in the white matter, and FA had a superior predictive power for tissue injury than ADC. 29, 30 Moreover, it has been shown that DTI correlated with histologic data; in a 58-yr-old man who remained comatose after cardiac arrest, had an MRI with DTI acquisition, and subsequently died from sepsis, the authors found that histology of the brain was in accordance with DTI data, demonstrating extensive demyelination and widespread axonal loss. 18 Our data suggest that in the early phase of anoxic-ischemic encephalopathy after cardiac arrest, damage is seen in white matter and GM. This is consistent with knowledge of the vascular anatomy of the deep cerebral white matter that contains widespread linear arterioles with few anastomoses. This anatomy adds to the vulnerability of the central white matter to hypoxic-ischemic injury. [31] [32] [33] Some limitations of our study should be recognized. First, only a limited number of patients had favorable outcome. This is due to the design of the study: indeed, only patients not responding to simple orders at least 7 days after cardiac arrest were included. This criterion was established to maximize the safety of MRI and to avoid transportation of patients that awaked rapidly after cardiac arrest and in whom the indication of MRI could be of debate. Because of the limited number of patients included and the low number of patients with favorable outcome (8 of 57), the accuracy of our models predicting unfavorable outcome could have been due to chance rather than to the precision of the model itself and thus to the accuracy of the MRI. Including a larger number of patients and validating these data in a validation cohort are the only ways to avoid this bias and confirm the validity of our results. Thus, our results need to be prospectively validated in a larger cohort, which can be obtained only in a large multicenter study. Another potential limitation is the fact that the prognostication algorithm did not take into account clinical data at the time of the cardiac arrest and during the course of the hospital stay. For example, the first noted cardiac rhythm, presence of bystander and bystander basic life support, use of therapeutic hypothermia, and the results of coronary angiogram were not incorporated in the outcome prediction. It is therefore implicitly assumed that either these variables have no effect on the outcome or that their effect is reflected in the DTI parameters. This hypothesis is partially supported by the superiority of the FA score over the algorithm based on the clinical parameters. However, the clinical outcome prediction model we used was limited to a few neurologic signs and may have failed to capture the wealth of predictive information that is available clinically. Third, we used variables from the day of MRI in our clinical model rather than standardizing these variables to a fixed date, for example at day 3 after cardiac arrest. However, because of aggressive resuscitation in such patients (and the use of hypothermia), clinical data may not be pertinent at day 3 because some patients receive sedation or are still in shock, conditions that alter neurologic examination. Fourth, we did not perform a standardized neurologic examination in the first week after hospital admission in all patients, in particular for patients who had early recovery of consciousness. However, this limitation does not alter our results; indeed, the purpose of this preliminary study was to evaluate the value of DTI in patients who remained comatose 1 week after cardiac arrest. Finally, the control groups we used for regional FA (mean diffusivity) data normalization were only sequence-and region-matched but not age-matched.
In conclusion, brain MRI using DTI reveals extensive white matter damage in patients with anoxic-ischemic brain injury after cardiac arrest. DTI seems to be a promising tool to predict unfavorable outcome in comatose survivors of cardiac arrest; however, these results need to be confirmed in a larger population. Whether DTI could be useful or not to predict outcome in all patients early after cardiac arrest remained to be determined.
